INTRODUCTION
============

Cardiovascular complications resulting from diabetes are the main cause of death in diabetic patients; indeed, more than 65% of deaths among diabetic patients are associated with heart failure and vascular abnormalities \[[@B1]\]. Histological changes including apoptosis, fibrosis, hypertrophy, autonomic neuropathy, alterations in Ca^2+^ transport, as well as intracellular Ca^2+^ homeostasis, which are induced in the heart by diabetes, have been documented in recent articles \[[@B2][@B3][@B4]\]. Compelling evidence indicates that diabetes causes heart abnormalities through oxidative stress and inflammation. Certain markers of inflammation and oxidative stress such as C-reactive protein (CRP), interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), oxidized low density lipoprotein (LDL), and protein oxidation, as well as homocysteine (Hcy), have repeatedly been associated with diabetes-related cardiomyopathy in different settings \[[@B5]\]. Nevertheless, few studies have examined possible associations between other parts of the inflammatory process (such as cathepsin G and leptin) and heart structural changes (such as fibrosis and heart muscle cell proliferation) under hyperglycemic conditions and diabetes. Cathepsin G is best known as a neutrophil and mast cell-derived serine protease, and its role in the progression of heart failure has recently become more evident \[[@B6][@B7]\]. Recently, the adipocyte-derived leptin has attracted attention due to its ambiguous role in cardiovascular function. Many studies have demonstrated that elevated leptin levels are significantly correlated with heart failure and myocardial infarction, probably through the increased production of proinflammatory cytokines and oxidative stress \[[@B8][@B9]\]. Other studies have found that low leptin levels (as occur in genetic models of leptin deficiency) increase the incidence of hypertension, atherosclerosis, and myocardial infarction \[[@B10][@B11]\]. Accordingly, the relationship between leptin levels and the incidence of cardiovascular system dysfunction appears biphasic and complex. Currently, daily insulin administration is the main intervention strategy for decreasing mortality in diabetic patients. Insulin therapy reduces hyperglycemia and glycosylated hemoglobin, and delays some diabetes-related morbidity. However, even with insulin therapy, some secondary complications associated with diabetes including heart disease, neuropathy, and hypertension remain overwhelming conditions in diabetic patients \[[@B12]\]. In addition, the lipogenic and cholesterologenic actions of insulin therapy on the one hand and the increased risk of hypoglycemia on the other lead to devastating and fatal results in patients under long-term insulin treatment \[[@B13]\]. Furthermore, the effect of insulin therapy on serum leptin is biphasic and complex. It has been reported that acute insulin treatment increases the serum level of leptin in rats and humans \[[@B14]\]. Contradictorily, it has also been reported that acute insulin exposure does not regulate leptin levels in human subjects \[[@B15][@B16]\]. For these reasons, improved alternative anti-diabetic approaches are urgently needed. In addition, naturally derived anti-oxidants appear more favorable for reducing diabetes-induced side effects in diabetic patients. Among plants containing natural anti-oxidants, ginger exhibits unique antioxidant, and anti-inflammatory properties \[[@B17]\].

The aim of the present study was to examine the protective effect of ginger on heart structural changes induced by diabetes in which cathepsin G and leptin play a central role. The study also examined whether treatment with ginger can restore altered oxidative and inflammatory stress agents in the heart of STZ-induced diabetic rats.

METHODS
=======

All procedures utilizing rats were performed according to the \"Principles of Laboratory Animal Care\" (NIH publication no. 85--23, revised 1985) and were approved by the Urmia University of Medical Sciences Animal Care Committee. Twenty-four 6-month-old male Wistar rats with initial body weights of approximately 220±20 g and normal blood glucose levels (145±5 mg/dL) were included in this study. The rats were divided into three groups (eight animals in each): control (C), non-treated diabetic (NTD), and ginger extract-treated diabetic (GETD) groups. Diabetes was induced in 16 rats by a single intraperitoneal injection of STZ (60 mg/kg), which was buffered in cold sodium citrate (pH 4.5). Forty-eight hours after the STZ injection, hyperglycemia was determined by measuring the tail vein blood glucose content using a glucose oxidase-based Biosystem kit (Biosystems, Barcelona, Spain). Rats with blood glucose of higher than 300 mg/dL were considered diabetic.

In addition to their regular diet, GETD rats daily received 50 mg/kg body weight of hydroalcoholic ginger extract solution in tap water (20% w/v) intragastrically by gavage. The control and NTD groups were treated with vehicle only (tap water).

For ginger extraction, dried ginger rhizome (origin: China) was purchased from a local market and powdered in an electric grinder. A hydroalcoholic extract was prepared by mixing 3 kg of powder with 6 L of 70% ethanol in a suitable container and incubating at room temperature for 72 hours. The extract was then filtered through filter paper and concentrated using a rotary evaporator. The obtained extract was stored in a refrigerator until use.

The rats were anesthetized using 10% chloral hydrate (0.5 mL/kg body weight, IP) after 6 weeks of treatment, and the depth of anesthesia was assessed by pinching a hind paw. After weighing the rats, the thoracic cavity was opened, and blood samples were collected directly from the hearts; within 30 minutes of collection, the samples were mixed with ethylenediaminetetraacetic acid as an anticoagulant and then centrifuged at 4,000 ×g for 20 minutes. The plasma samples were stored at --80℃ without repeated freeze-thaw cycles. Next, the heart was dissected. The excised heart was freed from adventitial tissues, fat, and blood clots, and then weighed. Then, the entire left ventricular wall (without septum) was excised from the heart, weighed, and divided into two parts. For histopathological investigation, a part of the ventricle was fixed in buffered formalin and embedded in paraffin after standard dehydration methods.

For biochemical analysis, other parts of the ventricle were washed with ice-cold physiological saline and then dried on filter papers. An ice-cold extraction buffer (10% wt/vol) containing 50 mM phosphate buffer (pH 7.4) was added, and the sample was subsequently homogenized using Ultra Turrax (T10B; IKA, Staufen, Germany). The homogenates were then centrifuged at 10,000 ×g for 20 minutes at 4℃. The supernatants were collected and stored at --80℃ until analyzed.

Biochemical assay
-----------------

The concentration of cathepsin G in the rat heart was measured using a solid phase enzyme immunoassay method (Cathepsin G Kit; AESKULISA, Dresden, Germany) following the manufacturer\'s instructions. Hcy levels were measured using an Axis Shield kit (Axis Shield, Dundee, UK) following the manufacturer\'s recommended protocol.

The level of CRP in the serum was assessed using nephelometric methods and MININEPHTM following the manufacturer\'s instructions (ZK044.L.R; The Binding Site Ltd., Birmingham, UK). Apolipoprotein (apo) A and B amounts were measured using the nephelometric method and the Mono Binding kit (Binding Site, Birmingham, UK) according to the manufacturer\'s guidelines. The amount of leptin was measured using a commercial enzyme immunoassay kit (Labor Diagnostika Nord GmbH, Nordhorn, Germany).

Histopathological examination
-----------------------------

Histological sections (5-µm thick) from paraffin-embedded heart tissues were subjected to histopathological staining. Harris\' H&E staining protocols were applied to evaluate the general structure of the heart and morphological changes.

To assess the heart and coronary vessel proliferation rates, a proliferation cell nuclear antigen (PCNA) anti-body staining protocol was used in accordance with the included instructions. Briefly, tissue sections (4-µm thick) from paraffin-embedded heart tissues were stained by Monoclonal anti-PCNA antibody (Dako Denmark A/S, Glostrup, Denmark) after tissue processing including deparaffinization, rehydration by gradual ethanol passage, and final washing in Tris buffer.

Optimal results were achieved using the EnVisio visualization system (Dako Denmark A/S). Hematoxylin was used as a counterstain. Appropriate negative controls were included in the assessment. Moreover, all slides were independently inspected by two expert pathologists. PCNA-positive indices were considered indicators of muscle cell proliferation.

To assess the percentage of PCNA-positive indices, all cells contained in each cross section (between 3 and 5 cross sections) of the heart and the coronary artery were scored. The samples were scored based on the PCNA-positive indices as follows: normal, PCNA-positive indices present in less than 5% of muscle cells; mild, PCNA-positive indices present in less than 25% of muscle cells; mild to moderate, PCNA-positive indices present in 25% to 50% of muscle cells; moderate to severe, PCNA-positive indices present in 50% to 75% of muscle cells; and severe, PCNA-positive indices present in 75% to 100% of muscle cells. To evaluate the heart and coronary vessel fibrosis, 4-µm heart tissue sections were stained with Masson Trichrome, following the manufacturer\'s instructions (Asia Pajohesh, Amol, Iran). The severity of tissue fibrosis was assessed using the semi-quantitative method described by Ashcroft et al. \[[@B18]\]. A score ranging from 0 (normal heart) to 8 (total fibrosis) was allocated. Heart fibrosis was scored as follows: grade 0, normal heart; grade 1, minimal fibrosis thickening of the myocardial or coronary vessel walls; grades 2 and 3, moderate thickening of the myocardial or coronary vessels walls without obvious damage to the heart tissue structure; grades 4 and 5, increased fibrosis with definite damage to the heart architecture and the formation of fibrosis bands or small fibrosis masses; grades 6 and 7, severe structure distortion and large fibrosis areas; and grade 8, total fibrotic obliteration.

Statistical analysis
--------------------

The normal distribution of data within each group was verified using the Kolmogorov-Smirnov test. Significant differences between the groups were tested by performing a one-way analysis of variance using SPSS version 16 (SPSS Inc., Chicago, IL, USA), followed by Tukey *post hoc* test. For each test, the data are expressed as the mean±standard deviation, and *P*\<0.05 was considered statistically significant.

RESULTS
=======

Plasma apoB levels were significantly higher in the NTD group than in the control group (*P*=0.001). No significant difference in plasma apoB level was found between the control and GETD groups (*P*=0.89). The plasma apoA level was significantly lower in the NTD group than that in the control group (*P*=0.0001). Ginger extract administration significantly increased the apoA level compared with the NTD group (*P*=0.012), but the plasma apoA level in this group remained significantly lower than that in the control group (*P*=0.001). The apoB/apoA ratio was significantly higher in the NTD group than in the control group (*P*=0.001). No significant differences in the apoB/apoA ratio were found between the GETD group and the control group ([Table 1](#T1){ref-type="table"}).

The amounts of cathepsin G and Hcy in heart tissue were significantly higher in the NTD group than in the control group (*P*=0.0001) but were significantly lower in the GETD group than in the NTD group (*P*=0.001).

The plasma CRP level was significantly higher in NTD rats than in control rats (*P*=0.001). Ginger extract treatment significantly decreased plasma levels of CRP compared to the NTD group (*P*=0.001), but levels remained significantly higher than those in the control group (*P*=0.001). The plasma leptin level in NTD group was significantly lower than that in the control group (*P*=0.001). Ginger extract treatment significantly increased the plasma level of leptin compared to that in the NTD group (*P*=0.001), but leptin levels remained significantly lower than those measured in the control group (*P*=0.05) ([Table 1](#T1){ref-type="table"}).

There were no significant differences in body weight among the groups at the study outset. Body weight and body weight gain were significantly lower in the NTD group compared to the control group at the end of the study (*P*=0.001). Ginger extract treatment enhanced body weight and body weight gain non-significantly compared to the NTD group (*P*=0.26). Body weight and body weight gain were significantly lower in the GEDP group than in the control group (*P*=0.05) ([Table 1](#T1){ref-type="table"}).

The ratio of heart myocytes proliferated cells (PCNA positive indices) in the heart tissue of the control, NTD, and GETD groups were 4%±1%, 47%±3%, and 14%±4%, respectively. The PCNA-positive indices (as indicators of proliferation) were significantly higher in NTD hearts than in control hearts (*P*=0.002). Treatment with ginger extract significantly reduced the PCNA-positive indices compared to those found in the NTD group, but the indices in the GETD group remained significantly higher than those in the control group (*P*=0.001) ([Fig. 1](#F1){ref-type="fig"}). PCNA-positive indices in the coronary vessel smooth muscle cells of NTD rats (51%±2%) were significantly higher than those in cells of the control rats (3%±1%; *P*=0.001). Ginger extract consumption with ethanol significantly decreased PCNA-positive indices (4%±1%) compared to those found in the NTD group (*P*=0.05). PCNA-positive indices did not significantly differ between the GETD and control groups ([Fig. 2](#F2){ref-type="fig"}).

[Fig. 2](#F2){ref-type="fig"} shows the microscopic fibrosis scores found in the heart tissue of rats of the different groups. The lesion score of the heart tissues of rats in the control group was 0 and that of rats in the NTD group was 2.5 (moderate thickening without obvious damage to the heart architecture); the latter was significantly higher than that of the control group (*P*=0.022). No significant differences were found between the GETD group and the control group ([Fig. 2](#F2){ref-type="fig"}).

DISCUSSION
==========

The results of the current study showed that diabetes induced significant increases in cathepsin G, CRP, Hcy, and apoB. Moreover, the amounts of leptin and apoA were decreased. Structural changes including moderate fibrosis and mild to moderate heart and coronary muscle cell proliferation were also present in the hearts of diabetic rats when compared to the hearts of control group rats. All of these favor cardiovascular abnormalities. Significant amelioration or restoration of the heart tissue alterations and biochemical changes to those seen in the controls was found in the ginger extract-treated rats.

In the current study, the apoA and apoB levels in the NTD group were significantly different from those in the control group; apoB levels and the apoB/apoA ratios were significantly higher and apoA levels were significantly lower in the NTD group than those in the control group.

ApoA and apoB are included in the spectrum of lipoproteins such as those involved in LDL, very LDL, lipoprotein, and high density lipoprotein and determine the metabolic fate of these lipoproteins \[[@B19]\]. In general, apoB carries lipids from the liver and gut to tissues that use lipids, whereas apoA contains particles that mediate reverse lipid transport and carries excess lipids from peripheral tissues to the liver \[[@B19]\]. The concentrations of apoA and apoB are measured to assess cardiovascular disease because these concentrations reflect the particle numbers of corresponding lipoprotein classes and thus the opposite aspects cardiovascular risks \[[@B20]\]. A high apoB/apoA ratio designates a high number of atherogenic lipoprotein particles, which are likely to be deposited in the arterial wall \[[@B20]\]. Here, dramatic increases in apoB levels and apoB/apoA ratios were observed, together with coronary and heart muscle cell proliferation in the NTD group; these changes might favor the arterial deposition of lipids and consequent complications including proliferation. Another important finding of this study was the significantly lower leptin levels in the NTD group when compared to the levels in the control group.

Recently, the role of the adipocyte-derived molecule leptin in maintaining normal energy homeostasis has been well documented \[[@B21]\]. Leptin adjusts the energy balance through central and peripheral pathways. Energy balance is centrally regulated by leptin through the inhibition of neuropeptide Y, which is the strongest stimulator of the hunger center. In addition, leptin stimulates the secretion of melanocyte-stimulating hormone, which also inhibits the appetite \[[@B22]\]. Peripherally, leptin adjusts the energy balance by modulating lipolysis and glucose tolerance by increasing the expression of enzymes that influence gluconeogenesis and glycogenolysis \[[@B22][@B23]\]. According to previous studies, leptin has specific effects on the heart due to the expression of several isoforms of leptin receptors in the myocardium and in isolated cardiac myocytes \[[@B24]\]. A graph plotting the amount of leptin against cardiovascular function forms a U-shaped curve. In individuals with normoglycaemia and leptin sensitivity, in addition to its role in energy metabolism and homeostasis in myocytes, leptin reduces blood pressure by affecting mechanisms such as vasodilation through the release of nitric oxide from the endothelium \[[@B25][@B26]\]. Meanwhile, accumulating evidence obtained in animal and human studies indicates a positive correlation between hyperleptinemia and structural and functional abnormalities of the heart (such as metabolic abnormalities, stroke, fibrosis, hypertrophy, hypertension, and heart failure) \[[@B27][@B28]\].

Indeed, abnormal energy homeostasis events, such as increased fatty acid utilization and decreased glucose utilization together with enhanced collagen deposition and matrix metalloproteinase activities have also been seen in rodent models that lack of leptin its receptors, thus resulting in diabetes or obesity \[[@B29][@B30]\]. In this study, STZ-diabetic rats presented reduced levels of plasma leptin, as seen in previous studies \[[@B30][@B31]\]. In addition, in the present study, leptin-deficient diabetic rats exhibited moderate fibrosis and muscle cell proliferation in heart tissue. Whether these structural changes were the results of leptin deficiency remains unclear. Previous studies indicated fibrosis of the heart tissue in obese animals with hyperleptinemia and in diabetic animals with leptin deficiency \[[@B30][@B32]\]. In this study, moderate fibrosis and mild to moderate cell proliferation were found in the heart and coronary vessels of STZ-diabetic rats.

Although fibrosis and vascular cell proliferation have been identified to be of potential significance for the pathogenesis and development of heart failure and atherosclerosis \[[@B33]\], the underlying mechanisms of heart cell proliferation and fibrosis have not been substantially investigated in diabetic hearts. Strong evidence exists showing that inflammatory biomarkers are essential components of fibrosis and muscle cell proliferation in heart tissue \[[@B34][@B35]\].

Our recent studies indicated that plasma serine proteases, proinflammatory cytokines, and cell adhesion molecules are elevated in STZ-diabetic rats \[[@B36][@B37]\]. Due to the pivotal role of cathepsin G in tissue fibrosis, we examined the relationship between cathepsin G changes and heart cell proliferation and fibrosis in diabetic rats. Interestingly, we found that cathepsin G levels were increased with heart tissue fibrosis and proliferation in STZ-diabetic rats. To our knowledge, no other study has yet investigated the association between heart muscle cell proliferation, fibrosis, and cathepsin G as induced by diabetes in rats.

A positive association was recently reported between cathepsin G elevation and heart tissue fibrosis. Cathepsin G induces myocyte hypertrophy and necrosis, and increases fibrosis by converting angiotension I to angiotension II \[[@B7]\]. Angiotension II, as a pro-fibrotic and pro-inflammatory mediator, activates the transforming growth factor β pathway, resulting in myocyte necrosis, hypertrophy, and fibrosis \[[@B6][@B7]\].

Secondly, we examined the effect of ginger extract on rescuing the heart structural alteration, leptin, and inflammatory responses that are induced by diabetes in heart tissue. Previous work by us and others has shown that ginger administration has helpful features and protects against diabetes-induced abnormalities \[[@B38][@B39]\]. The protective effect of ginger results from its antioxidant and anti-inflammatory properties. Due to the antioxidants contained in ginger, ginger supplementation increases the total antioxidant capacity and reduces lipid and protein oxidation in diabetes and other oxidative stress conditions \[[@B38][@B40]\]. Accordingly, if the diabetes milieu induces functional and structural abnormalities through oxidative stress, as confirmed by previous studies, the effect of ginger supplementation on rescuing these abnormalities will be due to its antioxidant properties. It has also been shown that ginger has anti-inflammatory effects and suppresses the expression of pro-inflammatory cytokines such as TNF-α and inhibits of the arachidonic acid cascade \[[@B41][@B42]\]. Mechanistically, the ginger compounds gingerol and shogaol inhibit prostaglandin and leukotriene biosynthesis through the suppression of 5-lipooxygenase synthetase \[[@B42]\]. Although various studies have shown the beneficial effects of ginger supplementation on inflammatory cytokines such as TNF-α, IL-6, protaglandins, and leukotrienes, this is the first *in vivo* study to demonstrate the protective effect of ginger extract against cathepsin G, together with heart tissue fibrosis and muscle cell proliferation, in diabetic hearts. Another interesting result was the elevation of leptin levels in the GETD group compared to the diabetic group. As mentioned above, at normal plasma levels, leptin plays a pivotal role not only in energy homeostasis but also in optimal cardiac function. Recent studies have indicated that leptin therapy alone reverses hyperglycemia and deaths caused by insulin signaling deficiencies \[[@B43]\], although the underlying mechanism of this golden effect of leptin is unknown. To our knowledge, the present study is the first to demonstrate that ginger supplementation improves leptin levels in diabetics and might be used in the management and treatment of diabetes-induced abnormities.

In conclusion, several notable findings were observed in this study. The rats with STZ-induced diabetes generated cathepsin G at higher levels and exhibited higher levels of Hcy, CRP, and apoB, as well as lower levels of apoA and leptin. In addition, we observed evidence of heart structure alterations, such as moderate fibrosis and mild to moderate heart and coronary muscle cell proliferation in the diabetic rats (compared to the control rats). Furthermore, the administration of ginger extract alleviated these structural changes and restored the levels of inflammatory cytokines, apoA and apoB, Hcy, and leptin in the experimental group (compared to the control group). These restorative effects of ginger extract support the hypothesis that diabetes-related alterations in the heart structure are caused by oxidative stress together with inflammatory responses and leptin deficiency. Further research is required to elucidate the details of the mechanisms by which ginger extract exerts its rescue effects against diabetes-related complications; such information would enable the development of feasible alternatives to insulin therapy for the treatment of diabetes complications.
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![Immunohistochemical staining of heart and coronary tissue for proliferating cell nuclear antigen (PCNA) indicate the proliferation of heart muscle (A-C) and coronary smooth muscle cells (D-F) in the diabetic group compared to the control group. Ginger extract treatment along diabetes reduced cell proliferation in both tissues (×400). PCNA positive indices (arrows).](dmj-40-46-g001){#F1}

![(A-C) Masson trichrome staining showing fibrosis bonds in the heart tissue of diabetic rats compared to the control group. No fibrosis bond or accumulation was observed in the heart tissue of the ginger-extract treated group (×400). Fibrosis bond (arrow).](dmj-40-46-g002){#F2}

###### Effect of ginger extract on diabetes-induced changes in plasma apolipoproteins, leptin, cathepsin G, CRP, and Hcy

![](dmj-40-46-i001)

  Variable            Control     Diabetes       Diabetes-ginger
  ------------------- ----------- -------------- -----------------
  ApoA, g/L           141±2.7     106±3.7^a^     126±3.9^a,b^
  ApoB, g/L           110±4.5     170±5.2^a^     112±2.3^b^
  ApoB/ApoA           0.77±0.03   1.61±0.04^a^   0.85±0.014^b^
  Leptin, ng/mL       4.5±0.15    2.8±0.1^a^     3.18±0.9^a,b^
  Cathepsin G, U/mL   4.37±1      8.9±0.37^a^    5.1±0.24^b^
  CRP, mg/L           2.29±0.1    7.8±0.39^a^    4.8±0.29^a,b^
  Hcy, µmol/L         3.15±0.23   4.57±0.12^a^   2.78±0.19^b^

Values are presented as mean±standard error for 8 rats per group.

CRP, C-reactive protein; Hcy, homocysteine; ApoA, apolipoprotein A; ApoB, apolipoprotein B.

^a^Denotes significant difference (*P*\<0.05) compared to the control, ^b^Denotes significant difference (*P*\<0.05) compared to the diabetic group.
